Abstract: Previous studies of the mechanics of fiber assemblies have neglected fiber movements that are due to perturbations of the assembly. Axial movements, which are treated in the paper, are important in pilling, bagging, felting, and incremental drafting of yarns in weaving, but lateral movements may also occur. A dynamical model is analogous to molecular statistical mechanics. Both a diffusion model and a driven model are presented. The resistance to movement is due to gripping forces, which may be externally imposed or caused by structural features, such as twist; both are easy to take into account. The geometric forms of entanglements and the way in which they add to frictional resistance are discussed in more detail.
INTRODUCTION

Incremental fiber rearrangement
Research on the mechanics of fiber assemblies, which, after a few isolated earlier studies, has been continuous for the last 60 years, has concentrated on quasi-static solutions of structures that, at least in the idealized forms that have been analyzed, are fairly well-defined. The continuous relative movement of fibers in assemblies has been neglected. The exceptions prove the rule:
• The dynamics of ballistic impact involves the rate of strain propagation and includes the inertial effects of the material mass, but the mechanical properties in the models are essentially quasi-static relations between stress and strain.
• Limited slip at the ends of fibers is included in treatments of the mechanics of staple-fiber yarns, nonwovens, and short-fiber composites.
• Localized forward-and-backward slip at contact points in fiber assemblies has been used by Carnaby and Pan (1989) to explain compression hysteresis.
• Treatments of fiber withdrawal have used a quasi-static form of frictional resistance.
• Studies of fiber movements in processing, for example in drafting, are not directly relevant to the mechanics of a final assembly.
The problem addressed in this paper is the continuous, incremental movement of fibers due to "perturbations" of the assembly. Some examples of the relevance of this problem are given below, but doubtless there are many others.
A major current concern is the conflict of performance requirements in wool knits and wool weaves. The problems are exacerbated by changes in consumer preferences, which have led to a need for lightweight wool fabrics, and the trend to the use of singles yarns. The conflicting demands are:
• Aesthetics and comfort: the market appeal of soft, bulky fabrics, which are warm and attractive to handle.
• Utility: the need to have a stable fabric, which will not suffer pilling and bagging.
Unfortunately, bulk and stability are opposed, which leads to a technical dilemma described by Miao (2004) . It is easy to produce stable fabrics by using highly twisted yarns, which generate larger gripping pressures on the fibers within the yarn, by having tightly entangled yarns, or even by sticking the fibers together. However, these solutions, which increase yarn stability, act against the market need for bulk, softness, and an attractive handle. Both pilling and bagging result from irregular cyclic forces acting on the fabric during use and laundering.
Another situation in which bulk and stability are in conflict is in the incremental drafting of soft wool yarns during weaving. The repetitive tensioning, rubbing, and twisting of the process results in the yarns progressively elongating, becoming thinner and weaker, which, if the process is not properly controlled, leads to breaks in weaving. A balance has to be struck between the desired bulk and softness of a low-twist yarn and the speed and severity of the weaving operation. The problem is caused by the relative movement of fibers under the influence of cyclic tensioning.
Felting of wool results from relative fiber movement, biased by the directional effect of the scales on wool which give preferential movement in the direction of the roots of the fibers. In consumer products, felting is a defect, which is reduced by anti-felting processes. However, it can also be used positively to make felt fabrics and yarns, where the assembly is held together in a self-locking form by entanglement.
In the above examples, the relative movement of fibers is predominantly axial, and that is the main concern of this paper. Two other examples involve a progressive lateral rearrangement of fibers. Although this is not followed up in this paper, similar principles should apply.
The bedding-in of ropes involves a continuous change of lateral packing, during repetitive tensioning in what is described as proofing. The close packing of circular cylinders, shown in Fig. 1a , is the idealized geometry at both strand and sub-component yarn levels. In practice, the cross-sections would be elliptical due to twist and, even in a new rope, there would be some distortion due to the manufacturing tension. However, ropes as made have a low packing density with space between components. In a proofed rope, the spaces between strands and yarns may be almost completely eliminated and the rope has become considerably longer (McKenna et al., 2004) . As shown in Figs. 1b and c, the circular strands have turned into wedges, which must involve appreciable relative fiber movement. Bedding-in takes place over hundreds or thousands of cycles, so that the changes are due to incremental movements. Localized zones of packing must collapse intermittently into new forms. This happens within a fairly compact structure as a result of regular cyclic tensioning.
In contrast to this, the lateral rearrangement that leads to entanglement of hair differs in two ways. It occurs in a loose fiber assembly; and the movements and forces that lead to entanglement are irregular in direction and magnitude. What is similar is that entanglement results from a progressive rearrangement as the parallel assembly of well-combed hair turns into a tangled mass. In extreme cases, axial movements may contribute to the formation of matted hair.
The value of modeling the incremental movement of fibers that leads to pilling and bagging is as a guide to improvements in consumer products. There is also a comparable need to avoid breaks in weaving. The motivation is to find ways of manufacturing yarn and fabric structures that optimize the combination of high bulk and softness with structural stability. Felting is an ancient technology, which is well-developed in practice. Nevertheless, if new advances were being made, increased fundamental understanding would be beneficial. For rope technology, the need is to generate further knowledge, so that the performance of ropes in use can be more completely modeled. This is particularly important for ropes in demanding engineering applications, such as mooring oil-rigs in deep water, where the design life is 20 years or more. For the entanglement of hair, the motivation is in the development of improved toiletry products.
Gripping forces
Clearly, the resistance to fiber movement increases with the transverse gripping forces acting on the fibers. These forces can arise in several ways. (1) There may be an imposed external pressure on the assembly. Where this exists, it would be an independent input to a model. (2) The designed structure of the assembly may lead to gripping forces. In twisted yarns, tension tends to reduce the helical diameter and hence leads to transverse pressures that increase toward the center of the yarn. This action and similar effects in the multi-levels of ropes have been extensively modeled. In woven and knitted fabrics, tension tends to straighten yarns, which leads to contact pressures between yarns. (3) In fasciated yarns, fibers wrapped around the surface give rise to transverse forces. This is also a mechanism in rotor spun yarns.
The above three modes are all reasonably well-defined in geometrical and mechanical terms. The fourth mode, "entanglement," is an ill-defined concept, not only for fibers but also for polymer molecules. However, everyday experience with string, electric cables, hosepipes, or ropes shows that entanglement leads to locking of assemblies and an increased difficulty in pulling out a tangle. Comments on the diverse nature of entanglements and the ways in which they impede resistance to fiber movement, both through the build-up of contact pressures and the capstan effect at fiber crossings, will be discussed in a later section
MOVEMENT OF FIBERS WITHIN ASSEMBLIES
A simple diffusion model
The first situation that we address in this paper is the movement of fibers within an assembly, as a result of irregular forces, which we call perturbations, acting on fabrics in use and laundering. Special cases, which are important in pilling to be discussed in other papers (submitted 2005) , are the emergence of fiber ends or the growth of loops from the surface of the fabric. Theoretical work by Wilkins (accepted 2005) has shown that perturbations can be regarded as analogous to thermal motions in statistical mechanics at the molecular level. Similar ideas have been proposed for granular flow by Brujić et al. (2003) . The intensity of perturbations corresponds to the temperature; the contact forces between fiber elements correspond to the intermolecular forces; the fiber movement is a diffusion process. For whole fibers, the diffusion leads to a greater mixing, and hence, in felting, to more entanglement. For the emergence of fiber ends, there is a weak analogy in regarding the diffusion out of the fabric as being due to the difference in concentration between the fabric body and the outside.
However, fibers would not be expected to move as a whole. It is likely that there would be redistribution between slacker or even buckled and looped segments and those which are tighter or straighter. The diffusion mechanism would be similar to the reptation of polymers, which has been the subject of considerable research. The fiber is treated as being enclosed within a tube created by the neighboring fibers. It is likely that forward movement toward the surface will be easier than backward movement, due to the "concentration gradient" mentioned above. If, as in wool, the fiber surface frictional characteristics are anisotropic, due to surface scales, the fiber would move more easily with the scales than against, as in felting.
The diffusion rate D u will depend on the balance between the effects of perturbations and the resistance to fiber movement. The following is a simple, linearized treatment of the problem. The reality will be more complicated and an alternative approach is given in the next section. It is convenient to define the intensity of perturbations I pert , to be the energy input per unit fiber volume per second (J m −3 s −1 ). (In order to avoid the introduction of numerical conversion factors, strict SI units are used. Conversion to other units can be made as needed.) The energy into a fiber of length L would be (πR 2 LI pert ) (J s −1 ), where R is fiber radius (m). The resistance to fiber movement will depend on the geometry of interaction with neighboring fibers, the coefficient of friction µ, and the fiber length L(m). In its simplest form, if fibers were following reasonably straight paths within the tubes, the force needed to pull a fiber of length L through the tube would equal (2πRLPµ), where P is the internal pressure within the fabric (N m −2 ). A simple form for D u , which is dimensionally correct, is given by the ratio (energy input/frictional resistance), as given by the above expressions:
where K 1 is a dimensionless constant.
Apart from the lack of rigor in deriving the above expression, the possible influence of other dimensionless variables, such as the fiber aspect ratio and the possible nonlinearities, two other factors will influence the rate of diffusion of fibers. The first is the tortuosity of the tubes containing the fibers. Each change of direction of Figure 2 Fiber loop projecting from a "tube," as suggested by Lee and Ockendon (2004) . the fiber will increase resistance to fiber movement due to the capstan effect: exp(µθ) in its simplest form. This is related to the degree of entanglement of fibers within the yarns. The second factor is the degree of slack in the fiber paths. If there are wavy fiber paths within the tubes, it will be easier for reptation to occur. This would be most directly expressed by the fiber crimp, but would be associated with a bulky yarn with a low fiber packing factor. Even if fibers are straight or weakly crimped, the looser the structure, as indicated by high bulk, the easier will be the fiber movement.
Another possibility is that portions of the fiber are in a loop that sticks out of the tube, as shown in Fig. 2 . As the fiber is withdrawn from the tuft, the loop is pulled into the tube. The effect may not be limited to forced withdrawal, but could occur within fiber assemblies subject to perturbations. Similar ideas on the influence of slack in a fiber surrounded by a hypothetical tube have been proposed by Lee and Ockendon (2004) in considering the withdrawal of fibers from a tuft, in a study of the mechanism of carding; in particular, the suggestion of a loop, as in Fig. 2 , comes from their work.
In summary, one can expect the rate of diffusion: to increase with increasing
• intensity of perturbations, • bulk of assembly (reduced packing factor), • degree of inherent crimp or incidental buckling of fibers, • presence of loops out of the "tube"; and, on the simple model, with increasing
• fiber radius; to decrease with increasing
• magnitude of lateral pressure within the assembly, for example, due to twist, • coefficient of friction, • degree of entanglement, especially if knots are formed, • tortuosity of fiber paths, • bending rigidity, due to the greater forces needed to straighten and bend fibers, or of lengths of alternating straight and buckled segments;
and to be increased or decreased by other factors that we have not identified.
Dynamical models
Recently, Wilkins (accepted 2005) has solved dynamical models of fiber slippage through nonbonded fibrous assemblies. One model relates to the withdrawal of a fiber from an assembly and is thus relevant to the next section of this paper and to pilling. The second model is relevant to the incremental drafting of a taut yarn under cyclic perturbations, and treats the movement of a fiber within the assembly. However, in contrast to the above diffusion analog, it includes a driving tension, as well as perturbations. A fundamental assumption of this model is that the time-scale of fluctuations of the driving tension is much longer than that of the perturbations, which means that, approximately, the driving tension may be thought of as constant at some average value. The perturbations are a collection of small loads, from rubbing or flexing forces, for instance, which act periodically and cause small changes in the frictional resistance of all the inter-fiber contact points. The situation is thus somewhat similar to the dynamics of the flow of a gas in a pressure gradient, where "sticky" van der Waals gas particles (small parts of fibers that have an excluded volume) undergo thermal vibrations (due to perturbations), but is considerably more complicated, since the positions of the parts of each fiber are correlated.
The presentation is simplest in terms of fiber withdrawal, when the force is directly applied to the free end of the fiber, but it is equally applicable to the movement of fibers within assemblies, as in incremental drafting. In this situation, the tension in the fiber comes from the yarn tension transferred from the downstream overlapping fibers through frictional forces.
In a loose assembly, such as a bulky wool yarn, the state of the fibers will be variable. Some fiber segments may be straight, while others are buckled. Consequently, high and low tension zones may alternate along the fiber. The application of a force F to the end of the fiber will lead to a straightening and moving of the lead part of the fiber. Via the action of the perturbations, such a local area of high tension gradually dissipates or moves along the fiber, causing the fiber to reptate out of the fabric in a way similar to a worm coming out of a hole. In the simplest case, the forced diffusion velocity D u of the fiber is given by:
As expected, D u increases with F but decreases with the embedded fiber length L and the friction per unit length ϕ (which depends on the coefficient of inter-fiber friction, and is discussed in a section below). The quantity parameterizes the strength of the perturbation (measured in force 2 /length/time). A careful reader will notice that the rate of withdrawal is nonzero for F = 0. However, because of the exponential, it is very small compared with the rate for nonzero F, and this spurious behavior can be safely ignored.
In fiber withdrawal, the source of the external force F is likely to be due to physical rubbing over the fabric's surface or to liquid flow in laundering. Consequently, F is expected to increase with increasing magnitude of the lateral pressure exerted in rubbing, velocity of rubbing, and velocity of liquid flow. As the emerging ends grow in length, F is also likely to increase. F is probably larger for crimpy fibers and fiber loops, since the chance of a fiber snagging the object rubbing the fabric is larger than for straight fibers. This model is more usually applicable to the incremental drafting of yarns or nonwovens due to an external force applied in conjunction with perturbations and then F is simply proportional to the average load experienced by each fiber due to the external force.
Many of the above parameters will change as the fabric structure changes during wearing and washing. Another effect, which was glossed over in Wilkins (accepted 2005) , is that after a certain amount of fiber movement, fibers may become locked within the fabric through the tightening of entanglements and knots, causing a large increase in ϕ. This is discussed further below.
FIBER WITHDRAWAL
No withdrawal by simple cyclic tension
Consider an attempt to pull a single fiber out of a mass of fibers by means of cyclic tensioning, as shown in Fig. 3 . The simplest model would assume no nonlinear effects: elastic fiber of radius R with constant modulus E; constant transverse pressure P; constant coefficient of friction µ; constant structure (stack of parallel fibers); tension cycling from zero to T 0 .
At the peak of the first cycle, the tension T drops uniformly with distance x from the entry point B according to the equation:
The tension reaches zero at A with a slip length s given by:
The strain along AB can be calculated from the change in tension and hence the length pulled out.
When the tension drops to zero, there is a partial retraction. The frictional force reverses and the tension rises from zero at A to a maximum at the mid-point of AB and then drops to zero at B. When F is applied in the second cycle, Equations (3) and (4) apply again. There is no increase in the length pulled out. Cycling between zero and T 0 gives a steady oscillation between these two states.
This result is more general than presented above. In Wilkins (2002) , it was shown that no progressive fiber withdrawal occurs even if:
• the external force does not reduce to zero in the "release" phase of the cycle; • the fibrous assembly is also extensible;
• dynamical effects, such as longitudinal waves traveling down the fiber, are included; • the frictional forces cycle with the force, as may occur in twisted yarns; • the coefficient of friction is chosen randomly for each phase of the cycle; • nonlinear stress-strain relations are included.
These statements are true if at all times the external force (or impulse) is never large enough to withdraw the whole fiber in one cycle.
Alternative models
The above argument shows that many simple models of cyclic tensioning do not lead to cumulative withdrawal. The problem is that there are many practical manifestations of a progressive movement of fibers under cyclic loading leading to fiber withdrawal: pilling is one example. It is necessary to see what factors can bring this about.
One possibility is that F is proportional to the exposed length of fiber and eventually reaches a level that matches the total gripping force.
Another option is that the idea of cycling the external force is flawed, and instead the effects of shocks of constant energy should be considered. In the simple model, an energy impact U will be taken up in three parts (U 1 + U 2 + U 3 ):
• U 1 is the tensile strain energy due to extension of the fiber outside the assembly.
• U 2 is the tensile strain energy of the fiber in the assembly, decreasing from a maximum at B to zero at A.
• U 3 is the energy dissipated against friction, equal to (2π R)µPδx, where δx is the distance moved by each increment of fiber, decreasing from a maximum at B to zero at A.
After the shock, there will be a partial retraction (as in the tension model), which is driven by the elastic energy and opposed by friction. The energy lost is smaller than U, since some strain energy remains in the partially retracted fiber. Reversibly applying the second shock causes the system to return to its state after the first shock, but there is a surfeit of energy, which is used to further withdraw the fiber. This pattern will be repeated in successive cycles, leading to continuing withdrawal. There are two possible outcomes. The energy may eventually be sufficient to completely pull out the fiber. Alternatively, there will be a limit when the energy lost in partial retraction after the shock is equal to U. The response to repeated shocks of given energy will then be an asymptotic approach to a final pull-out length. In either case, the continuing withdrawal can be expected to run over a large number of cycles, before becoming close to the limit or leading to complete withdrawal.
Diffusion model
A diffusion model for fiber withdrawal introduces an energy input acting on the exposed fiber length L exp to pull fiber out of the fabric against friction, but the relations for this driven diffusion will be similar to those above for diffusion within an assembly. If I drag is the forced energy input per unit fiber volume per second, the power acting on the exposed fiber length would be (πR 2 L exp I drag ). If L res is the residual length of fiber in the fabric, the simple expression for resistance to pull-out would be 2πRL res Pµ. The fiber growth rate (m s −1 ) D drag , attributable to the drag forces, will be given by the ratio of energy input to resistance. Hence:
The drag energy would be expected to be given by a relation of the form:
where S ext (J m −2 s −1 ) is a measure of the strength of the external action operating on a unit area of the fiber surface. S ext would have to be modeled by the dynamics of the interaction of fibers with the environment, as discussed in "Dynamic models" section.
The influence of other factors would be expected to be the same as that given at the end of section "A simple diffusion model" for diffusion within fiber assemblies.
An intermittent reptation model
A more explicit version of the reptation model is particularly applicable to the growth of pills, which has been shown by Cooke (1983) to be an intermittent process, but has more general implications for fiber withdrawal. Consider a crimped or buckled fiber lying in a tube, as shown in Fig. 4a , with an end projecting. For simplicity, the crimp is uniform but, in practice, may well vary from regions of greater buckling to regions that are straight. This does not affect the principles of the argument. An application of tension will pull part of the fiber out of the tube, leaving a straight portion in the tube, as shown in Fig. 4b . In the buckled part, the fiber is held more loosely. Due to perturbations, the boundary between the buckled region and the taut region diffuses toward the entry point, reducing the length of the taut part, Fig. 4c . This could continue until the whole length in the tube is buckled, Fig. 4d . Another application of tension would lead to a repetition of the process. Alternatively, the tension might act at an earlier stage and the sequence would be an alternation between the states shown in Figs. 4b and c. The diffusion rate for the loose/tight boundary will be determined by factors similar to those discussed in section "A simple diffusion model." This idea, which was studied quantitatively in Wilkins (accepted 2005), is closely analogous to creep. In the simplest situation, the distance withdrawn per tug is proportional to (F 2 /Jϕ). Here J is the effective elastic stiffness after stress relaxation. Stiffness is the ratio of fiber tension to fiber strain, which has the dimensions of a force. ϕ is the frictional force per unit length along the fiber. For crimped fibers or for fabrics that are constructed so that the fibers are deliberately "slack," J will be rather small, since the external force will be simply straightening out curved segments. For straight fibers, E will be simply proportional to the Young's modulus of the fiber.
ROLE OF ENTANGLEMENTS IN RESISTING FIBER MOVEMENT
Contact pressures and frictional forces
The movement of fibers or segments of fibers is determined by the balance between the applied forces and the frictional resistance, which depends on contact pressures between fibers. It is noted above that the contributions to contact pressures of both external forces and forces that arise from such structural features as yarn twist are clear. It is also clear that "entanglements" lead to a resistance to fiber movement, but their role is more complicated. It is helpful to consider three levels.
1. When two fibers cross one another, with a change in direction of the fibers, relative fiber movement will be impeded by the capstan effect. If the fibers have zero bending rigidity, then the local frictional resistance per unit length is Tµκ, where T is the local tension and κ is the local fiber curvature. This gives an exponentially decreasing fiber tension in the crossing region. 2. When any fiber encircles a number of other fibers, in a pseudo-helical path, it will mimic the effects of the twist or wrapping in whole yarns, and lead to the development of contact pressures, which will increase with the number of layers of encirclement. As discussed below, the situation is more complicated when the helices intersect with one another. 3. A complex entanglement of many fibers, or many parts of a few fibers, could be modeled as a knot. The "knot" might either slip or become locked. The frictional forces would depend on the above two mechanisms, but the response could be lumped into the mechanics of a selected type of knot.
Studies of "entanglement"
One form of quasi-regular "entanglement" is the migration of fibers in twisted yarns, which was extensively studied by Morton, Hearle, Treloar and their associates around 50 years ago (see Hearle et al., 1969) . For continuous filament yarns, this has a negligible effect on the prediction of the stress-strain response, because the idealized structure of concentric helices of constant radius is a good approximation, since the change in radial position occurs over long enough lengths. For staple-fiber yarns, some form of migration, wrapping, or interlacing is necessary because, in the idealized structure, a fiber on the surface would not be gripped. Hence, it could not develop tension, and so could not transmit pressure to the next level, and so on to the core of the yarn. Migration means that segments of fibers near the center of the yarn will be gripped, while those nearer the surface will contribute mainly to the build-up of contact pressures. In an idealized analysis, Hearle (1965) showed that a staple-fiber yarn with complete regular migration could lead to a self-locking structure. In order to avoid the problem of multiple occupancy of space, similar to spokes in a wheel at its center, both Treloar and Hearle assumed that reversals occurred at a small finite radius. More recently, there have been suggestions of other ways of getting around this mathematical difficulty, but the real practical problem is that migration is partial and irregular. In a simplistic model of resistance to slippage in needled fabrics, Hearle and Purdy (1978) modeled the build-up of tension as fibers followed curved paths around the "pegs" formed by the tufts of fibers pushed through the fabric by needling. However, an initial tension is needed for the capstan effect to take place. In one version, this was provided arbitrarily, as shown in Fig. 5a . In another version, a general transverse force G per unit length was assumed to be present, Fig. 5b . The change of tension T with length x around a peg with curvature c is then given by:
In the final version, the transverse pressure was assumed to be due to fibers being trapped between the intersecting arcs of two other fibers, Fig. 5c . This was modeled by an energy analysis of a diamond model, Fig. 5d , which was then improved by a model with circular arcs, Fig. 5e . The final complicated equation for the slippage factor can be regarded as only a poor approximation to reality, because of the assumptions made. However, it indicates that the resistance to slippage depends on:
• coefficient of friction, • fiber length, • fiber radius, • fiber curvature, • fiber bending rigidity, • reversal period of fiber paths, as in Fig. 5e . et al. (2001 et al. ( ) after Kollu (1985 .
In air-jet textured yarns, the projecting loops are prevented from slipping by the entanglement in the body of the yarn, which results from the action of the jet. The tensile properties of such yarns were modeled by Kollu (1985) , also reported by Hearle et al. (2001) , in terms of a set of regular overlapping helices. There is a problem that, as indicated in Fig. 6 , some helices surrounding a given fiber will contribute to the transverse tension, while others will reduce it. The helix parameters are average values, which could be related to the curvatures of fiber paths.
In addition to their severe assumptions, the above studies do not deal with the effect of perturbations in causing incremental movements of fibers. However, the methods used may provide leads to the modeling of the resistance to slip resulting from entanglement.
The nature of entanglements and free volume
An open question, which is a challenge for future research, is how to treat entanglement. Is it possible to produce a useful general definition? Or to classify entanglements in different categories? Or must each system be treated separately? These questions are relevant to polymer structures, as well as fiber assemblies, and the answers may differ according to the purpose of the analysis. Closely related to entanglement is the extent of free volume. A tightly packed entanglement will impede motion to a much greater extent than a loose open structure.
There will be interaction but no entanglement in an assembly of straight fibers. However, there is relevance in work on the statistics of straight fiber assemblies. The formation of a 2D assembly, which is acceptably close to the lay-down of paper, can be modeled by adding fibers in random positions and random directions on a plane, possibly with some orientation bias. Komori and Makishima (1977) adopted similar rules for a 3D assembly in order to investigate the number of contacts between fibers. However, there is a major problem: textile fiber assemblies are not created by random assembly but reflect the nature of the manufacturing processes.
Curvature is clearly necessary, but not sufficient, to get entanglement. In principle, it should be possible to produce an ideal entangled 3D assembly-and this might apply to a polymer melt or solution, which has had a long time to reach equilibrium. The random form of an individual fiber would be given by a Monte Carlo simulation, based on the average curvature and the average twist in the fiber, which could also be introduced as persistence lengths. A collection of such fibers could be randomly located in a sparse 3D assembly. Certain interactions of fibers could be defined as entanglements and categorized in different types, though both the geometry and the spacing of the crossings would need to be taken into account. However, as the packing density increases, the mathematical challenges become more interesting because the fiber paths must be cooperatively, and not individually, defined. The mathematical studies of knots by Buck and Simon (1999) may be applicable to an idealized assembly. However, the influence of the manufacturing processes remains a determinant of the form of the assembly.
High fiber curvature and high variability of curvature are likely to lead to increased entanglement. In a study of free wool shapes, Marsh et al. (2003) found that "curvature (including all its statistical fluctuations along the fiber's length) seems to be completely parameterized in terms of its mean and RMS values." For wool fibers, "the torsional properties of the fibers were found to be comparatively constant." If other factors are similar in assemblies, the curvature parameters may be a useful measure of entanglement. The extent of curvature would be expected to be inversely proportional to the bending stiffness, more explicitly, to the bending stiffness divided by the magnitude of moments applied to the fibers in creating the assembly. However, two other factors must be taken into account in considering entanglement.
Twist and its variation will have a major influence. Suppose curvature is constant. Constant twist would give a regular helix, which would be much less likely to entangle than a form in which the twist varied, to give a more complex fiber path. It is possible that entanglement could be related to a combination of mean and RMS values of curvature and twist, which would be related to bending and torsional stiffness and the corresponding moments.
The other factor is the interaction of fiber paths. It is more difficult to know how to characterize this effect. The problem can be illustrated by considering two helices. If they are placed side-by-side, as in Fig. 7a , there will be no entanglement. However, a very small displacement, Fig 7b, can give a form which is highly entangled (using entanglement to include a regular interlacing). An example of this is in the models of fiber assemblies used by Beil and Roberts (2002) to compute compressional behavior of fiber assemblies; helical fibers are placed at random, but are not entangled. The same problem will arise in more complicated arrangements of fibers. Depending on whether one fiber crosses to the left or the right of another fiber, it will either contribute or not contribute to an entanglement, as shown in Figs. 7c and d. These details of fiber paths will determine the incidence of fiber crossings, giving the capstan effect, and of the encirclement effect, giving contact pressures. Curvature may be instrumental or not in gripping fibers and resisting fiber movement.
In this paper, and in two subsequent papers on the mechanisms and prediction of pilling in fabrics, we merely take the view that an increase in entanglement and a decrease in free volume, both of which may vary in geometric form, leads to an increased resistance to fiber movement. For both theoretical and practical reasons, a greater understanding of entanglement and its complexities should be an aim of research.
CONCLUSIONS
When a fiber assembly that has appreciable free volume is subject to perturbations, due to miscellaneous actions experienced in wear or laundering, relative fiber movements will take place. These are most likely to occur by a reptation process in which buckled fiber segments move along hypothetical tubes defined by the positions of neighboring fibers. The behavior is a macroscopic analog of molecular motions, with an external input of energy corresponding to temperature. The changes are modeled either as a diffusion process or according to a dynamical model developed by Wilkins (accepted 2005) . In the absence of any particular driving force, the result will be fiber rearrangement. In felting, the resulting entanglement is biased by the directional frictional effect in wool and hair. As a prelude to pilling, fiber ends and loops will emerge from the surface. If tension is acting on a projecting fiber end, there will be a progressive withdrawal of the fiber, as occurs in later stages of pilling. If tension acts on the whole assembly, concurrently with perturba-tions, there will be incremental drafting, which leads to attenuation of yarns or bagging of fabrics.
Entanglement leads to resistance to fiber movement through the capstan effect at fiber crossings, through transmission of tension when groups of fibers are encircled by others, and, in extreme cases, by knots. There is a need to find useful ways of characterizing entanglement in fiber assemblies.
The models described in this paper are relatively simple. Their value in understanding and predicting pilling is described in two following papers (submitted 2005) . The further development and application of the ideas should be a fruitful area for further research.
